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Introduction
There is growing evidence that the ability to prevent or delay the occurrence of atherosclerosis (the underlying cause of coronary heart disease), lies in the maintenance of a low lifetime coronary heart disease risk (Magnussen et al., 2012) .
As atherosclerosis clearly has its origins in childhood, preventing the development of risk factors in the young and maintaining a low level of coronary heart disease risk in early life would seem essential (Magnussen et al., 2012) .
Both endothelial dysfunction (Yeboah et al., 2009 ) and elevated postprandial triacylglycerol concentrations (Bansal et al., 2009 ) have been identified as independent risk factors for coronary heart disease. In addition, endothelial dysfunction appears to be a requirement for the initiation and development of atherosclerosis (Juonala et al., 2004) making it a particularly pertinent risk factor to consider in the young. The ingestion of meals containing substantial quantities of fat is common in young people in western societies (Taveras et al., 2005) and ingesting large amounts of fat results in endothelial dysfunction and elevated postprandial triacylglycerol concentrations in both adults (Gill et al., 2004; Tyldum et al., 2009; Wallace, Johnson, Padilla, & Mather, 2010) and adolescents (Sedgwick et al., 2013) . Therefore, interventions that reduce endothelial dysfunction or triacylglycerol concentrations postprandially could have important health benefits.
Acute interventions based on exercise have been effective at attenuating endothelial dysfunction or the rise in triacylglycerol concentrations evident after ingestion of meal/s high in fat. A single 30 to 180 min session of moderate-intensity exercise completed 12 to 18 h prior to the ingestion of a high-fat meal has consistently been shown to lower postprandial triacylglycerol concentrations (Barrett, Morris, Stensel, & Nevill, 2006; Barrett, Morris, Stensel, & Nevill, 2007; Gill et al., 2004; Lee, Burns, Kuk, & Arslanian, 2013; MacEneaney et al., 2009; Petitt & Cureton, 2003; Sedgwick et al., 2013; Tolfrey et al., 2008; Tolfrey et al., 2012) and more recently to attenuate postprandial endothelial dysfunction in both adults and adolescents (Gill et al., 2004; Sedgwick et al., 2013; Tyldum et al., 2009 ).
Repeated sprints of relatively long duration (30 s), interspersed with periods of active low-intensity recovery, have also been shown to elicit health benefits in adults (Gibala, Little, MacDonald, & Hawley, 2012) including reductions in postprandial triacylglycerol concentration (Freese, Levine, Chapman, Hausman, & Cureton, 2011; Gabriel, Ratkevicius, Gray, Frenneaux, & Gray, 2012) . However, continuous moderate-intensity exercise or long duration sprinting is not typical of young people's activity patterns, which are usually intermittent in nature and characterised by multiple short-duration bouts of vigorous activity typically (~90% of bouts) lasting less than 10 s (median duration 4 s) ). Baquet, Stratton, Van Praagh and Berthoin (2007) have shown that although young people undertake a short duration of vigorous or higher intensity physical activity, this vigorous activity contributes to a substantial portion (36%) of the total volume of activity as indicated by counts (Baquet et al. 2007 ). It has also been shown that these short bouts of activity can have similar health benefits to longer bouts (Stone, Rowlands, Middlebrooke, Jawis, & Eston, 2009) . Since the young appear to undertake very short bouts of vigorous activity, repeated short-duration (<10 s) sprints may offer a better and more attractive exercise model for the young.
Barrett and colleagues reported that 90 minutes of games type activity (15 m sprints interspersed with walking, jogging and faster running) reduced postprandial triacylglycerol concentrations in adolescent boys (Barrett et al., 2007) and men (Barrett et al., 2006) . It is not possible from these previous studies to establish what the effect of the short sprints alone was on the postprandial triacylglycerol concentrations. As well as being closer to the typical activity pattern of the young, repeated very short sprints may be more practical and better tolerated than the repeated 30 s sprints shown to induce health benefits in adults (Freese et al., 2011; Gabriel et al., 2012; Gibala et al., 2012) , especially as the repeated longer sprints require high levels of motivation to complete and are often associated with feelings of nausea and light-headedness (Richards et al., 2010) . Interestingly, children and adolescents report lower ratings of perceived exertion following sprint exercise and demonstrate less fatigue across repeated sprints than adults (Ratel et al., 2006) ; however, data regarding tolerance to sprint exercise is rarely presented.
The effect of sprint exercise on postprandial endothelial function has not previously been investigated in adults or the young. However, repeated sprints, completed the evening prior to the ingestion of a high-fat meal have been reported to reduce postprandial triacylglycerol concentrations (Freese et al., 2011; Gabriel et al., 2012; Tan et al., 2013) , and oxidative stress (Gabriel et al., 2012) in adults. As previous research suggests that the high-fat meal induced endothelial dysfunction is a consequence of high postprandial triacylglycerol concentrations and oxidative stress (Wallace et al., 2010) , repeated sprint exercise could also have the ability to attenuate postprandial endothelial dysfunction.
Therefore, the purpose of the present study was to investigate the effect of a session of repeated 6 s sprints on postprandial endothelial function and triacylglycerol concentrations in apparently healthy adolescent boys.
Methods

Participants
Fifteen normal weight adolescent boys volunteered to participate in the study, with nine boys completing the study (aged 12.5 to 14.1 years, Tanner Stage 1 to 4 (median 3)). Non-completion of the study was due to a failure to tolerate the exercise (n = 5) or a dislike of the blood sampling procedures (n = 1). The study was conducted according to the guidelines in the Declaration of Helsinki and all procedures were approved by the Ethics Committee of the institution in which the work was performed. Prior to testing the procedures and risks of participating in the study were explained to the boys. Following this written consent from a parent and written assent from each participant was obtained. Participants were asked to complete a health history questionnaire which indicated that they were apparently healthy and not taking any drugs known to affect lipid or carbohydrate metabolism.
Participant characteristics are presented in Table 1 .
Study Design
Following preliminary tests participants undertook two, 2-day main trials which were separated by seven days (control trial and exercise trial) in a 2 x 2 replicated (7 replicates) Latin square design.
Preliminary Tests
Body mass was measured to the nearest 0.01 kg and stature to the nearest 0.1 cm.
Skinfold thickness was measured at four sites (biceps, triceps, subscapular and suprailiac) to the nearest 0.2 mm using calipers (Harpenden, Baty International, England) and waist and hip circumferences were measured to the nearest 0.1 cm using a non-stretch tape. Each participant undertook a self-assessment of maturity using a five-point scale described by Tanner (Tanner, 1989) . Following a 5 min rest participants completed one block of the sprint exercise: 10 x 6 s maximal sprints with 90 s recovery between sprints.
Main trials
Participants were asked not to consume supplements in the seven days prior to the main trials. Participants were also asked to refrain from undertaking exercise and to be as physically inactive as possible during the day before (day 0) and throughout each main trial. During this time participants wore an ActiGraph GT1M accelerometer during waking hours to monitor physical activity. The accelerometer was not worn during the repeated sprint exercise protocol. The ActiGraph is a uniaxial electromechanical device that records movement in the vertical plane. The sampling epoch was 5 seconds. During data processing 60 minutes of consecutive zero's was considered indicative of non-wearing and these data were excluded.
Minimum day length was set at 9 hours and time spent in low-and moderate-and vigorous-intensity physical activity was calculated using age specific cutpoints (Freedson et al., 1997) . In order to standardise their diet participants were asked to complete a food diary for day 0 and day 1 of the first main trial and were then asked to replicate this diet for the subsequent trial.
On day 1 of the control trial participants were asked to be physically inactive;
whereas in day 1 of the exercise trial they were asked to be physically inactive until 15:30 when they reported to the laboratory to complete a warm up and four blocks of 10 x 6 s sprints (as described above). Each block was separated by 3 min of rest.
Heart rate was recorded during the last sprint and the 90 s recovery period following each block. Ratings of perceived exertion (Borg, 1973) were assessed following the last sprint of each block and participants were requested to give a rating that was representative of their perceived exertion over the whole block of exercise.
On day 2 of each main trial following an overnight fast participants reported to the laboratory at 08:00, where flow-mediated dilation was assessed and a capillary blood sample collected. Participants were then given breakfast and a clock was started when participants took their first mouthful of the meal. After breakfast participants rested for 6.5 h. Participants were provided with lunch at 3.5 h. Further measures of flow-mediated dilation were undertaken at 3 and 6.5 h and additional blood samples were collected at 0.5, 1, 3, 4, 4.5 and 6.5 h.
Meals
Breakfast consisted of croissant, chocolate spread and a chocolate milkshake (chocolate power, whole-fat milk and double cream). Lunch consisted of a cheese sandwich, (white bread, butter and cheese), ready salted crisps and a chocolate milkshake (chocolate powder and whole-fat milk). Participants were given 15 min to consume breakfast and 20 min to consume lunch. Breakfast provided participants with 1.5 g fat (60%), 1.8 g carbohydrate (33%), 0.4 g protein (7%) and 92.9 kJ per kilogram body mass and lunch provided participants with 1.1 g fat (50%), 1.9 g carbohydrate (37%), 0.6 g protein (13%) and 84.6 kJ per kilogram of body mass.
Participants consumed water ad libitum during the first trial and in the subsequent trial this intake was replicated.
Endothelial function assessment by flow-mediated dilation
Flow-mediated dilation measurements were made using previously published guidelines and recommendations and have been described in detail elsewhere (Sedgwick et al., 2013) . Briefly; the brachial artery was imaged longitudinally in the distal third of the upper, right arm using ultrasound ( Further images were captured continuously from 30 s before to 3 min after cuff release. All images were captured on the r-wave of the cardiac cycle.
Digitisation of recorded images was undertaken using specialised edge-detection and wall-tracking software (Brachial analyzer, version 4.1.3; Medical Imaging
Applications LLC, Iowa City, IA). Flow-mediated dilation was calculated as the percentage change from basal diameter to peak diameter, and was also normalised for the post-occlusion shear rate (Harris, Nishiyama, Wray, & Richardson, 2010) .
The coefficient of variation of measurements made seven days apart for fasting basal diameter, peak diameter and flow-mediated dilation in our laboratory was 0.6, 1.1 and 9.7%, and in the postprandial state was 0.8, 0.9 and 10.0% respectively. The intraobserver coefficient of variation based on repeated analysis of a single scan was 0.4% for basal diameter, 0.3% for peak diameter and 6.4% for flow-mediated dilation.
Blood sampling and biochemical analysis
Capillary blood was taken from a finger on a previously warmed left hand and collected into 500 µl potassium-EDTA-coated microvettes (Sarstedt, Leicester, UK).
The blood sample was then immediately centrifuged at 1500 x g for 10 min at 4 °C.
The resulting plasma was then transferred into microcentrifuge tubes (Sarstedt, Leicester, UK) and stored at -20 °C for later analysis. Plasma triacylglycerol and glucose concentration were determined by enzymatic, colorimetric methods (HORIBA ABX Diagnostics, Montpellier, France). Plasma insulin concentration was determined by ELISA (Mercodia, Uppsala, Sweden). Within batch coefficients of variation were: triacylglycerol 0.6%, glucose 0.3% and insulin 2.9%.
Statistical analysis
The total and incremental area under the plasma concentration versus time curves for triacylglycerol, glucose and insulin were calculated using the trapezium rule. Insulin resistance was estimated using the homeostatic model assessment of insulin resistance (Matthews et al., 1985) . Data was analysed using the PASW statistics software version 18.0 for Windows (SPSS Inc, Chicago, IL). Normality of the residual errors were tested using the Shapiro-Wilk test and where necessary data was logarithmically transformed prior to statistical analysis. Paired Student's t-test were used to compare differences between trials for; total activity counts and time spent in low-, moderate-and vigorous-intensity physical activity during day 0 and day 1 of the main trials, fasting basal diameter, peak diameter, flow-mediated dilation, and 95% confidence intervals (95% CI) for pairwise differences between experimental conditions (calculated using the t-distribution and degrees of freedom (n -1)) are presented where applicable.
Results
Physical activity
Complete accelerometer data was provided by 7 boys. No differences were observed between trials for total activity counts and time spent in low-, moderate-and vigorous-intensity physical activity, during day 0 or day 1 (Table 2 ; all P > 0.05).
Responses to sprint exercise
Peak power, mean power, peak cadence and mean cadence during the 6 s sprints were 472 (41) W, 417 (33) W, 113 (3) rev·min -1 and 104 (3) rev·min -1 respectively.
Peak heart rate, mean heart rate and ratings of perceived exertion were 156 (6) beats·min -1 , 133 (5) beats·min -1 and 12 (1) respectively. The total mechanical work done during each 6 s sprint was 2.5 (0.6) kJ resulting in a total mechanical work done over the 40 sprints of 98.9 (7.9) kJ. The mechanical work done during the warm-up was not recorded.
Measures in the fasted state
No differences were observed between trials for fasting basal diameter (Table 3, P=0.24, ES=0.13, ̅ exercise-control (95% CI)=-0.04 (-0.27 to 0.19) mm), peak diameter (Table 3, Basal diameter and peak diameter increased following the ingestion of the high-fat test meals, but did not differ between trials ( 
P=0.001; interaction effect trial x time, P=0.08).
Measures in the postprandial state: Triacylglycerol, glucose and insulin concentrations
Postprandial plasma triacylglycerol concentration was lower in the exercise compared to the control trial ( Figure 2(a) 
Correlations between flow-mediated dilation and basal diameter and triacylglycerol concentrations
The correlations between fasting flow-mediated dilation and plasma triacylglycerol 
Discussion
This is the first study to investigate the effect of a session of repeated sprints on postprandial endothelial dysfunction and triacylglycerol concentrations in adolescents. The main finding of the present study was that 40 maximal 6 s sprints, completed 14 hours prior to the consumption of a high-fat breakfast and high-fat lunch, attenuated the decline in flow-mediated dilation evident in a control trial in healthy adolescent boys. The prior session of 6 s sprints also lowered postprandial triacylglycerol concentrations, reducing the total and incremental area under the triacylglycerol concentration versus time curves by 13% and 15% respectively.
In the present study postprandial endothelial dysfunction was evident in the control trial following breakfast and lunch with flow-mediated dilation being reduced, compared to fasting, by 20 and 27% respectively. This state of endothelial dysfunction following consumption of high-fat meals has been shown previously in both adults (Gill et al., 2003; Gill et al., 2004; Tyldum et al., 2009 ) and adolescents (Sedgwick et al., 2013) . In contrast when the adolescent boys in the present study completed the 40 maximal 6 s sprints 14 hours prior to the high-fat breakfast, postprandial endothelial dysfunction was not apparent, as there was no change in flow-mediated dilation compared to fasting. This finding is consistent with a previous study in adults that used high-intensity intermittent exercise (4 x 4 min cycle at 85 to 95% of maximum heart rate with each interspersed with 3 min cycle at 50 to 60% of maximum heart rate) which also found no evidence of endothelial dysfunction when exercise preceded consumption of a high fat meal (Tyldum et al., 2009) . While exercise of a moderate intensity has also been shown to influence postprandial endothelial function in adults (Gill et al., 2003; Gill et al., 2004; Tyldum et al., 2009 ) and adolescents (Sedgwick et al., 2013 ) the beneficial effects may be more muted when the exercise intensity is moderate as these studies tended to only find an attenuation in the extent of postprandial endothelial dysfunction.
While there may be some uncertainty as to whether high-intensity or repeated very short sprint exercise has a greater effect on postprandial endothelial function than moderate-intensity exercise, clearly the exercise model used in the present study was effective based on the flow-mediated dilation responses.
It has been recommended that flow-mediated dilation should be normalised to account for the post-occlusion shear stress stimulus (Pyke & Tschakovsky, 2005) as this removes any association with basal diameter (Thijssen et al., 2008) . In the present study normalised flow-mediated dilation was observed to decrease following the ingestion of the high-fat meals but, in contrast with the non-normalised findings, this decrease was not attenuated by the sprint exercise. Previous studies investigating the effect of continuous moderate-intensity and high-intensity intermittent exercise on postprandial flow-mediated dilation have reported attenuation in the postprandial decline in both flow-mediated dilation and normalised flow-mediated dilation (Sedgwick et al., 2013; Tyldum et al., 2009 ) but this was not the case in the present study. However, any conclusions based on the results of normalised flow-mediated dilation may need to be made cautiously, as the methods used to normalise flow-mediated dilation are currently under debate (Atkinson et al., 2009; McCully, 2012; Stoner, Tarrant, Fryer, & Faulkner, 2013) .
The reduction in triacylglycerol concentrations evident in the present study following the session of 40 maximal 6 s sprints is consistent with previous research in adults which has investigated the effect of sprint exercise on postprandial triacylglycerol concentrations. Four to five, 30 s maximal effort sprints, completed 14 to 18 hours prior to the consumption of a high-fat meal, were found to lower subsequent postprandial triacylglycerol concentrations in adults in two studies by 18% (Gabriel et al., 2012) and 21% (Freese et al., 2011 ) but a third study observed no effect of sprint exercise (Tan, Mok, Yap, & Burns, 2013) . Maximum effort cycle sprints also seemed more effective at reducing postprandial triacylglycerol concentrations than moderate-intensity exercise (30 min brisk treadmill walking) (Gabriel et al., 2012) .
In previous studies in adolescents, moderate-intensity exercise has been reported to reduce the total area under the plasma triacylglycerol concentrations versus time curve by 8 to 22% (Barrett et al., 2007; Lee et al., 2013; MacEneaney et al., 2009; Sedgwick et al., 2013; Tolfrey et al., 2008; Tolfrey et al., 2012) and high-intensity exercise (10 x 1 min run at 100% peak oxygen uptake) by 11% (Thackray, Barrett, & Tolfrey, 2013) . In the present study the corresponding reduction was 13%, demonstrating that repeated bouts of very short (6 s) maximal sprints are effective at reducing postprandial triacylglycerol concentrations. The reduction in postprandial triacylglycerol concentrations seen in the present study were similar to those observed by Thackray and colleagues (2013) ; despite the exercise time being much shorter in the present study (4 min vs. 10 min). However it should be noted that the overall session time in the present study was much longer (90 min vs. 30 min).
These observed triacylglycerol concentration findings, and the flow-mediated dilation finding described above, support the assertion that repeated sprints of very short duration offer similar effects to moderate-intensity exercise.
Although this study did not directly measure the mechanisms through which sprint exercise may protect against postprandial endothelial dysfunction, it is known that measures of endothelial function, including flow-mediated dilation, are markers of nitric oxide bioavailability, where a decrease in nitric oxide bioavailability can result in a decline in flow-mediated dilation. It is believed that a transient rise in oxidative stress parallel to a rise in triacylglycerol concentrations following a high-fat meal induces postprandial endothelial dysfunction (Wallace et al., 2010) through the ability of free radicals to inactivate nitric oxide. Prior exercise may reduce the postprandial rise in oxidative stress by increasing the body's antioxidant capacity, consequently reducing the inactivation of nitric oxide, and so attenuating the decline in flow-mediated dilation (Tyldum et al., 2009) . Such a mechanism could explain why high-intensity exercise may be more effective than moderate-intensity exercise at attenuating postprandial endothelial dysfunction as it has been shown, at least in adults, to illicit a greater total antioxidant capacity (Tyldum et al., 2009) and to attenuate the postprandial rise in oxidative stress (Gabriel et al., 2012) .
Exercise involving repeated very short duration sprinting may lower postprandial triacylglycerol concentrations through a combination of increased triacylglycerolrich lipoprotein clearance from the circulation and a decreased hepatic secretion of very-low density lipoprotein-triacylglycerol (Gill & Hardman, 2003; Maraki & Sidossis, 2013) . Prior exercise has been shown to increase skeletal muscle lipoprotein lipase activity, localised to the contracting muscles (Hamilton, Etienne, McClure, Pavey, & Holloway, 1998) , resulting in an increased hydrolysis and clearance of triacylglycerol from the bloodstream. The vigorous nature of contractions and the larger recruitment of muscle mass seen during sprint exercise may increase skeletal muscle lipoprotein lipase activity and explain why various sprinting regimens reduce postprandial triacylglycerol concentrations, despite the low energy expenditure. Sprint exercise is also associated with large increases in the concentrations of catecholamines and growth hormone (Kindermann et al., 1998; Stokes, 2003) which in turn are associated with increases in skeletal muscle lipoprotein lipase activity (Oscarsson, Ottosson, & Eden, 1999; Pedersen, Bak, Holck, Schmitz, & Richelsen, 1999) . More recent evidence has also identified that exercise can reduce hepatic secretion of very-low density lipoprotein-triacylglycerol and alter the composition of very-low density lipoprotein particles, resulting in larger, more triacylglycerol-enriched very-low density lipoprotein particles (Alshayji, Caslake, & Gill, 2012) . This triacylglycerol enrichment of very-low density lipoprotein particles increases their affinity with lipoprotein lipase ultimately increasing their hydrolysis and triacylglycerol clearance from the circulation (Fisher, Coppack, Humphreys, Gibbons, & Frayn, 1995) .
Longer duration (e.g. 30 s) repeated sprint protocols require high levels of motivation to complete and are often associated with feelings of nausea and lightheadedness (Richards et al., 2010) . It was thought that the repeated 6 s sprints in the present study would be less likely to elicit these type of responses, and that the short intense bursts of activity associated with repeated short sprints might be more enjoyable and more appropriate for the young given their typical activity patterns, certainly when compared with moderate-intensity exercise (Crisp, Fournier, Licari, Braham, & Guelfi, 2012) . However, of the 15 recreationally active individuals who participated in the present study, 5 proved unable to tolerate the exercise pattern even though the sprints were only of 6 s duration. Typically these participants stopped exercising because they felt light-headed and nauseous; in 2 cases participants vomited. These responses occurred after only 7 (sd 2) sprints which suggests that some individuals cannot easily tolerate sprinting per se. It should be acknowledged that a low-intensity active recovery between the repeated sprints may be one method to increase tolerance to this type of sprint exercise, as it may reduce venous pooling in the legs and reduce feelings of light-headiness and nausea (Rakobowchuk et al., 2008) , but this was not done in the present study in order to investigate the physiological effects of repeated short sprints alone. The tolerance to this type of sprint exercise may also be improved by reducing the length of each sprint (e.g. 3 s).
In conclusion the findings of the present study demonstrate that a session of 40 maximal effort 6 s sprints, completed 14 hours prior to the consumption of a high-fat breakfast and lunch, attenuated postprandial endothelial dysfunction and reduced postprandial triacylglycerol concentrations. This study is the first to demonstrate that exercise based on repeated very short duration sprints can elicit health benefits in adolescents; however, among some individuals, tolerance for this specific type of exercise may be poor. However, if short sprints could be incorporated into regularly undertaken activity/training programmes it is possible that health benefits could be gained. . Data were analysed using a mixed-effects general linear model with two fixed factors (trial and time) and one random factor (participant). Least significant differences post-hoc analysis was used to identify where significant main effects lay and when a significant time x trial interaction was identified, pre-specified planned comparisons were used, specifically, comparisons within trial with respect to the fasting measure and between trials at the same time point. 
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